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ABSTRACT 

The potential energy s tored  in the ionosphere in t e r m s  of the atomic 

par t ic les  i s  substantial, and the energy re leased  in the recombination 

processes  taking place at the surface of the vehicle can therefore  contribute 

substantially to  the overall  heat t ransfer .  

In order  t o  evaluate the importance of these chemical effects, the 

usual f r e e  molecular heat t ransfer  and mass flux expressions are modified 

in this  study to allow f o r  a multi-component chemically reacting mixture  of 

gases.  

combination interactions at the solid-gas interface caused by the t ranspor t  

of atomic and ionized par t ic les  to the vehicle. 

- l’ 

functions of the altitude and flight velocity. 

modes of energy t ransfer red  t o  the vehicle a r e  compared. 

is shown that fo r  many f r e e  molecular situations of interest  (i. e., flight 

speeds which a r e  equal o r  grea te r  in magnitude than escape velocit ies),  the 

kinetic t e r m s  in the t ransfer  equations a r e  the dominant ones. 

for  cer ta in  attainable combinations of altitude and flight speed and when all 

radiative heating is  neglected, the total  energy t r ans fe r  can exceed the 

available kinetic energy by a factor  as la rge  a s  four. 

These  expressions include the effects which resu l t  f r o m  the r e -  

Results of the numerical  solutions are presented graphically as 

The magnitudes of the various 

In par t icular ,  it 

However, 

ii 

. 



I .  

I 
~Y 

J 

LIST OF FIGURES 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

High Altitude Hypersonic Flight Regimes 

Variation of the Ambient Mean Free Path with Altitude 

Atmospheric Composition at Extreme Altitudes, (Miller) 

Atmospheric Composition at Extreme Altitudes, (Harris and 
Priester) 

Ambient Chemical Energy Density 

Kinetic Energy Transfer, Complete Thermal Accommodation, 
Free Molecular Flow at Stagnation Point 

Free Molecular Energy Transfer, Excluding Radiation, 
Vco > 10,000 ft. /sec.  

Free Molecular Energy Transfer, Excluding Radiation, 
V OD < 10,000ft./sec. 

PAGE 
I 

19 

20 

21 

22 

23 

24 

25 

26 

iii 



SYMBOLS 

A 

K C 

C 

e 
E 

f 

IK 

x 
K 

K 

m 

. 
m 

MK 

K n 

NK 

0 
N 

Q 
W 

n = A N  0 

- V - -  
'K - 

vK 

T 

Area  

Mass fraction of species K 

Velocity 

Internal energy of diatomic par t ic les  

Energy flux, BTU/ft. sec. 
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SYMBOLS (Cont'd) 

: 

I -  
i 

- 
= 2gRKT vK 

v 
2 

Most probable random speed of species K, 
f t .  /sec. 

M a s s  flow velocity, ft. /sec. 

1 x -x 2 
erf(x) = - 

a 

xK 

\IrK 

SUBSCRIPTS 
~ 

eq. 

K 

Rad. 

s 
s. L. 
W 

x, YB = 
m 

B 

Error  function, dimensionless 

Thermal accommodation coefficient, 
dimensionless 

Catalytic efficiency factor, dimensionless 

Emissivity of surface, dimensionless 

Angle between incident particles and surface 
5 

Density, lb. /ft.  

Stefan - Boltzmann constant for black body, 
4.761 x BTU/ft. 2sec. 

Dimensionless quantity defined in equation 3 

Dimensionless quantity defined in equation 6 

Equilibrium 

Species K 

Radiation 

Surface material 

Sea Level 

Surface conditions, surface f l u x  

Cartesian coordinate system 

Free  stream conditions, incident flux 

Mode of energy 
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B. lNTk~D',-C'TTON 

During the initial phase of entry into any planetary atmosphere, 

heat transfer to the surface of the vehicle occurs by means of direct collisions 

of the free stream particles with the vehicle. A t  these highest altitudes of 

any given entry trajectory (see Fig, l), the gas density is very low and the 

mean free path of the gas particles is significantly larger than a typical 

vehicle dimension, 

response of the vehicle to the environmental interactions is measured in 

terms of energy and momentum accommodation coefficients. 

the heat transfer occuring at these altitudes is dependent upon the manner 

and degree to  which the surface of the vehicle thermally accommodates the 

free  stream impinging gas particles, 

A parameter used as a criterion t o  determine whether or not f ree  

In this non-continuum free molecular flight regime the 

In other words, 

molecular flow conditions exist is the Knudsen number. 

number, Kn, is a dimensionless quantity expressing the ratio of the mean 

free path of the g a s  (see Fig. 2) to some significant characteristic dimension 

of the body. 

conditions fo r  a free molecular flow environment. 

this type of energy transfer has been developed and is given in reference 1. 

The Knudsen 

Knudsen numbers in excess of ten provide generally acceptable 

A complete theory for 

1 



FREE MOLECULAR ENERGY F L U X E S  

In order  t o  determine the total energy t ransported to the body by 

the impinging f r e e  s t r e a m  part ic les ,  it i s  first necessary  to determine the 

number of particles of a particular type which s t r ike  the body. Since the 

medium in which the body moves is one of extreme rarefaction, relatively 

few intermolecular collisions will occur in the vicinity of the body, and the 

incident flow behaves effectively a s  if no object were  present.  This basic  

assumption of free molecular flow permi ts  one to descr ibe  separately the 

fluxes of individual species  in the g a s  in t e r m s  of maxwellian equilibrium 

distribution functions. 

The number of par t ic les  of species K incident upon an  elemental  

a r e a  per unit t ime may be writ ten as: 

where C , C , and C are  the components of the total  absolute velocity 

C,  which includes the macroscopic  velocity of the gas  as well as the 

thermal  velocity of species  K. 

such that dA sine is the projected cross-sect ional  area normal  to  the incident 

par t ic les  which flow in  the positive x direction. 

X Y  Z 

The elemental  surface area (dA) is oriented 

The quantity "f" is the 
th  

thermal  distribution function (ref.  2) for  the the rma l  velocit ies of the K 

species with a superimposed macroscopic  gas  velocity Vw . 
Eq. ( 1 )  may be integrated to obtain the following expression fo r  the 

f r e e  molecular number flux of par t ic les  of spec ies  K. 

n =  NKVKXK 

2 6  
K 

c' 

where the dimensionless group X 

molecular speed rat io  and angular orientation. 

has  the following dependence upon the K 

9 
L -(SK sin 8 )  

XK = e t ~ii-s, s in  e t erf (sK sin  e ; l  (3)  

2 . 
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The total flux of translational energy transported by the particles 
th 

of the K species incident upon a unit surface area is expressed as: 

which becomes, when integrated: 

The two terms in Eq. (5) represent 

total directed translational (kinetic) 

the contribution by species K to the 

energy and the total random trans- 

lational (thermal) energy. The dimensionless quantity @ which represents 

the portion of the internal energy of the particles due to  random translational 

motion is given as: 

K 

The total energy incident upon the elemental area of surface in a 

f r ee  molecular flow regime may therefore by written as: 

2 

m K V m  t- A T  (9K t eK) t mK(A ho + IK) 
K [ 2gJ  J f K  W 

= ' 
K 

E W  

The three terms in the brackets are, respectively, the kinetic 

energy, the internal energy, and the chemical energy of the particles. 

dimensionless quantity e 
carried by the diatomic particles. 

heat of formation of the neutral atomic species (Ah 

potential (I ) of the charged species. (See Table 1). 

The 

includes the rotational and vibrational energies 

The zherr;iza? energy tetrrr inclndec the 
K 

0 
) and the ionization 

f K  
K 

3 



. 
An object in near  space may also be heated as a resu l t  of radiation 

f r o m  seve ra l  sources.  

d i rec t  radiation f r o m  the ear th  and the solar  radiation which is sca t te red  

by the ea r th  back into space, (albedo). 

This radiation includes direct  solar  radiation, 

The surface energy flux, E , i s  defined to  be the flux of energy 
W 

directed away f rom the surface if the incident par t ic les  had been reflected 

diffusely. 

velocity with respect to the surface and would be in maxwellian equilibrium 

at the surface temperature .  The surface par t ic les  would have a mic ro -  

scopic velocity, however, which is associated with their  random motion 

equilibrated to the thermal  energy of the surface.  

Fo r  diffuse reflection the gas  would have no macroscopic  

In accordance with the definition of (E ), the surface energy flux 
W 

is writ ten as follows: 
- 

E = - - X  c R V ( \ k K t e  ) t C c  v (Ah; t I K ) J  
2 K  pw ['. K K K  K K  K W 

K K  

(8) 

Note that Eq. (8) includes the contributions of the internal and chemical 

energies  of the particles.  

a r e  t rea ted  separately. 

Note a l so  that the effects of surface radiation 

In order  t o  ascer ta in  the magnitude of the chemical energy t e r m s  

in Eq. (7) and (8) which depends upon the relat ive densi t ies  of the atomic 

and ionized particles,  a knowledge of the chemical composition of the 

ionosphere is required. 

4 



POTENTIAL CHEMICAL ENERGY O F  THE 10NUbPHEIiE 

The structure of the upper atmosphere, in terms of the concentration 

of species, depends upon interactions among several types of processes. 

These processes a re  known as: mixing of the species; diffusive equilibrium; 

photochemical dissociation and radiochemical ionization. 

centrations of the atomic and ionized species at high altitudes depend, t o  a 

great extent, upon the amount and nature of the solar radiation incident upon 

the upper atmosphere, the relative densities of these species may be expected 

to vary with time of day, season of the year, latitude with respect to the 

earth's surface, and solar activity. Furthermore, it should be noted that 

estimates of the chemical composition of the upper atmosphere a re  continually 

undergoing revision as a result of the high altitude rocket data and satellite 

measurements which have been made in the past few years, and therefore, 

any heat transfer calculations using data presently available will  provide only 

re a s onabl e e s timate s . 

Since the con- 

The composition models of references 3 and 4 a re  presented in 

f igu res  3 and 4, and thereby indicate the variation of the concentrations of 

the dominant chemical species with altitude up to 500,000 ft .  

altitude range the concentrations of electrons and ionized species a re  found 

to be negligible with respect to  the overall energy transfer process. 

For this 

Using the data of figures 3 and 4, table 1 ,  and the equation 

= (C Ck A h o  ) 
fk 

the maximum chemical energy available in the E 

ionosphere fork-ansfer t o  a fully catalytic surface may be calculated. The 
(chem. )m 

magnitude of the chemical energy potential using the composition model of 

ref. 3 is found to increase with altitude having a magnitude of approximately 

1500 BTU/lb. at an altitude of 500,000 ft. 

The chemical energy density, defined as the product pm E (chem. )m ' 
has an interesting - behavior in this altitude range. Since the free stream 

density (P, )  is a decreasing function of altitude and, a s  mentioned above, 

the chemical potential increases with altitude, the ambient chemical energy 

density is found to have a maximum at an altitude of approximately 325, 000 f t .  

(see Fig. 5). However, an order of magnitude difference is noted between the 

two chemical composition models. 
5 



In order  t o  determine the portions of the incident energies  (i. e. 

kinetic, internal o r  chemical) which a r e  t r ans fe r r ed  to  the surface,  detailed 

information is needed concerning the interactions of the impinging par t ic les  

with the solid. 

6 . 
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SURFACE INTERACTION PARAMETERS 

In general, the reflected particles will not have their energies 

completely accommodated to  the surface conditions after a single collision. 

They will  probably rebound at some energy intermediate between the surface 

conditions and ambient conditions. The usual procedure is to define average 

parameters which characterize the interaction phenomena. 

The thermal accommodation coefficient dl is the parameter used 

to  specify the degree to which a particular form of energy, not including 

chemical, E' 

zccommodated by a surface composed of material "S".  

carried by one type of incident particle (species K) is 
K, d 

ElR is the energy which is actually transported away from the surface by 

the reflected particles. 

The numerical limits f o r  the thermal accommodation coefficients 

(as defined by equation 9) are  seen to  be zero, corresponding to the case of 

specular reiections, arid iiiiitty fo r  dzfuse r e f e ~ t i n n s ~  

accommodation coefficients have been measured (see table 2) for static 

gases in contact with different types of surfaces. 

of this nature to the possible gas-surface interactions likely to be encountered 

in high altitude hyper sonic flight is highly uncertain. 

Valves of the thermal 

The applicability of data 

The portion of the incident chemical energy which may be released 

at a surface depends upon the ability of the surface to  promote catalytic 

atom recombination. 

to the impinging monatomic species, a certain portion of these atoms may 

be expected to  recombine during the adsorption process and be re-emitted 

as diatomic particles. 

f r e e  stream which also collide with the surface may dissociate upon being 

adsorbed and later desorb a s  atoms. 

If the surface has catalytic properties with respect 

Cjn the other had, the dizt~rnlc particles in the 

7 



As an illustration, consider the following heterogeneous chemical 

reaction: 

0 t 0 t B 2 O2 t B 

which for  the catalytic recombination of oxygen atoms on a surface is 

actually a three  body collision process  where the surface par t ic le  B absorbs 

the heat of recombination. 

In o rde r  to  re la te  the incident and surface fluxes of the atoms and 

molecules, we u t i l i z e  the definition of the g ross  catalytic efficiency factor y . 
collisions effective in causing recombination o r  dissociation 

total  collisions Y =  

The following relationships can be shown to exist  between the incident 

and re-emit ted surface fluxes of atomic and molecular oxygen. 

The f r e e  molecular m a s s  flux of species  K is given as: 

. 'K 'KXK - - 
2 J n  

K = m ~ n ~  

Note that the second term in  the brackets  of Eqs. (12) and (13) accounts f o r  

the fract ion of the molecular par t ic les  which m a y  dissociate  on the su r face  

pr ior  to  re-emission. 

actions of the nitrogen atoms and molecules. 

added and summed over all species  (K), we obtain the steady s ta te  condition 

f o r  the conservationof the mass flux upon reflection. 

Similar  relationships m a y  be wri t ten for  the in te r -  

Lf the  result ing equations are 

8 . 



AK)w = (", 'K) W 

Existing data on the catalytic efficiency factors are quite meager, 

Some experimental values of the recombination coefficients for oxygen atoms 

on various surfaces a re  given in table 3. 

In general, the net energy transferred to a surface in hypersonic 

flight in the free molecular regime, is the sum of the difference between 

the incident and reflected energy fluxes Etm and E' 

and directed translational energy, rotational energy and vibrational energy), 

the portion of the potential chemical energy which is released during surface 

recombination, and the net radiant flux, 

f r ee  molecular heat transfer, in terms of the surface interaction parameters 

and the energy fluxes previously discussed, is a s  follows: 

(including random R' 

A formal representation of the 

/ \ 

W 
' QRad, 

W 
- E'K,d  1 ' Qchem, 

= k d  c u d , K , S  (E 'K,dm W 

(16) 

Note that the summation over d includes the directed translational and 

internal modes of energy icraIisfei. The hezt t rzns fer  dire to  the hetero- 

geneous chemical reactions is: 

= [k rkKAh:J - [ i G K  A ho f K  ] 
W m W 

Qchem, 

The relationships between the incident and re-emitted mass fluxes (m ) K 
have the functional dependence upon the catalytic efficiency factors ( y  ) K 
as seen in Eqs. (12) and (13). QRad, 

is the net radiant energy and may 
W _. 

be written: 

4 - (7 CwTw 
m 'Rad. W 

where the contributions to Q 

section, 

space vehicle for all of the radiant energy of solar origin is higher than the 

low temperature surface emissivity ( c  

many non-metals. 

have been discussed in the preceding 
Rad, 

It is noted, in passing, that the absorptivity of the surface of the 

) fo r  most metals and lower fo r  
W 

9 
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DISCUSSION O F  RESULTS 
~~ 

The kinetic energy portion of the heat conducted to  the surface at 

the stagnation point for  complete thermal  accommodation is shown in Fig. 6. 

The f r e e  s t r e a m  density values used in this calculation were  obtained f r o m  

re fe rences  5 and 6. 

a r e  the magnitudes of the radiative 

surface. 

a function of the angle of attack will vary  as sin 8 . 
t r ans fe r  variation in e will occur fo r  small values of 6. 

the  stagnation point heat t r ans fe r  in free molecular flow exceeds the heat 

t r ans fe r r ed  to  any portion of the body paral le l  to  the flow by a factor approxi- 

mately equal to the quantity 2 f i  Ea , where 

molecular speed ratio of the incident gas  mixture. 

which approximates the variation in the kinetic energy t r ans fe r r ed  to  the 

sur face  with the angle of attack was found to  be: 

Included in the figure,  fo r  comparative purposes,  

energy fluxes incident t o  the vehicle 

F o r  the  hypersonic flight speeds shown here ,  the heat t r ans fe r  as 

An exception to this  heat 

It was found that 

is defined to  be the mean 

A correlat ion equation 

1 
s i n 8  t 

*W kinetic = [Qw (kinetic, s tag.)  zfis, 

J 

The rat io  of total  to  kinetic f r e e  molecular energy t r ans fe r  is shown 

in f igure 7 fo r  flight speeds g rea t e r  than 10 ,000  f t .  / sec .  and in f igure 8 for  

flight speeds l e s s  than 10,000 f t .  / sec .  

and 4 ) a r e  included for comparison. 

calculations were  that of complete the rma l  accommodation, a fully catalytic 

surface,  and a low surface temperature .  

t r ans fe r  is excluded. 

efficients other than unity has  the effect of shifting the genera l  level of all 

the curves.  

Both chemical models (i. e. refs .  3 

The assumptions made fo r  these 

Note a l so  that the radiative energy 

The effect of utilizing the rma l  accommodation co- 

As  might be expected, the figur,es show that  f o r  a given f r e e  s t r e a m  

dissociation level (altitude) , the  t ranspor t  of chemical  energy becomes less 

important and the kinetic energy term becomes increasingly dominate as the 

flight speed increases.  It is apparent (figure 7) tha t  f o r  combinations of 

10 



altitudes less than 500,000 ft. and flight speeds greater than superorbital 

velocities the total energy transfer exceeds the available kinetic energy by 

less than ten percent. 

altitudes (see Figure 8 ) ,  the total energy transfer exceeds the available 

kinetic energy by a factor as large a s  four. It is noted that these same 

combinations of altitude and flight speed (figure 8) encompass the trajectories 

of the present day experimental rocket planes, (see Figure 1). 

However, for the lower flight speeds at these high 

for a given altitude, flight 
tot alIQkinet ic The magnitude of the ratio Q 

speed and surface material depends, in general, upon the relative values of 

the surface interaction parameters and the surface temperature. 

expand this ratio and consider separately the variation of the internal 

energy term and the chemical energy term with surface temperature and 

the heterogeneous reaction parameters. 

Let u s  

chemical Q 
= I - ! -  Qinternal + Qtotal 

kinetic Qkinetic Qk inet i c Q 

The contribution of the internal energy which is very small in com- 

parison with ths k-hetic and chemical contributions, is primarily dependent 

upon the surface temperature. The maximum contribution this term makes 

to the overall heat transfer occurs when the surface temperature is lower 

than that of the free stream. As the surface temperature increases, the 

internal energy of the g a s  particles at the surface increases. 

wall  temperature exceeds the temperature of the ambient flow, the transfer 

of internal energy away from the surface exceeds the incident internal energy 

and the overall heat transfer is decreased accordingly. 

felt that the translational and rotational energies a re  accommodated by a 

When the 

Since it is currently 

might internal '*kinetic surface to approximately the same degree, the ratio Q 

'ue expected to  be rehtively  sensitive to the values of the thermal accom- 

modation coefficients. 

The ratio of the chemical energy transfer to the kinetic energy transfer 

will  have the same variation, in general, as  the ratio of the catalytic efficiency 

factor to the thermal accommodation coefficient. 

11 
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*chemic a1 lQkinet ic  - y / Q  
J 

Both y and Q are known to  vary with increasing surface tempera ture ,  

but at different rates.  Since the "chemical t ime" necessary  for  a tom r e -  

combination is known to be appreciably longer than the "translational a c  - 
commodation time", the rat io  of y to Q for  reasonable surface tempera tures  

may be expected to be l e s s  than unity. 

F o r  extremely high surface tempera tures  the chemical react ions 

occurring at the gas-solid interface will be those of dissociation. These  

endothermic reactions,  in which the newly formed atoms absorb the heat 

of the reaction, considerably reduce the chemical energy t r ans fe r r ed  to the 

solid material .  

. 
12 
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CONCLUSIONS 

The uncertainties in any heat transfer calculation in the free  

molecular flow regime a re  at least threefold. 

1. The fraction of the thermal energy (kinetic and internal) accom- 

modated by the surface for hypersonic flow conditions is  not known, because 

K, d, So little data exists on o! 

2. The level of uncertainty in the composition of the upper 

atmosphere will  produce significant changes in any heat transfer predictions 

expecially for combinations of low hypersonic speed and high altitude 

environmental conditions. 

3. The mechanism of surface catalysis is not as yet understood 

to the extent of adequately predicting the recombination coefficients for 

atoms in a hypersonic environment fo r  different surface materials. 

It is clear that although general relationships have been presented in 

this paper, a more precise determination of free molecular heat transfer in 

the ionosphere will depend on the availability of more experimental data. 

13 



TABLE 1 

HEATS O F  FORMATION AND IONIZATION POTENTIALS 

CHEMICAL REACTION ENERGY 

.? 2 0  
O2 

2 2N 
N 2  

t - 
NO 2 NO t e 

t - 
O2 2 O2 t e 

t - 
0 = O t e  

t -  
N Z N t e  

Llr hf" = 6,655 BTU/lb. 

L! hf" 
= 14, 527 BTU/lb. 

0 

N 

= 12,810 BTU/lb. 
INO+ 

= 15, 630 BTU/lb. 
Io, 

L 

= 35,310 BTU/lb. 

= 43, 100 BTU/lb. 

t 
IO 

IN 
t 

REF: 

A i r  at High Temperatures",  Cornel1 Aeronautical Laboratory Report  

No. AD - 1052 - A  - 2, June 1956. 

Logan, J. G. , "The Calculation of Thermodynamic Proper t ies  of 

14 



TABLE 2 

e 

! 

Gas - 
O2 

O2 

N2 

N2 

Air 

Air 

Air 

N2 

THERMAL ACCOMMODATION COEFFICIENTS CL 

Surface 

B right Pt 

References 

7 

Black Pt. . 93 7 

Platinum 50 8 

Tung sten . 35 8 

Bronze 

Iron 

Aluminum 

Tung sten 

-88 - -94 
-87 - .96 
-87 - .97 
050 - -61 

9 

9 
9 

10 

15 
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TABLE 3 

RECOMBINATION COEFFICIENTS FOR OXYGEN ATOMS 

Surface 

Silver 

P y r e x  

Iron 

Copper 

Silver 

Pot a s s ium 
Chloride 

Lead Monoxide 

(AT ROOM TEMPERATURE) 

Y 
-2 

1.0 x 10 

-4 
1.2 x 10 

3 . 6  x lo- '  

1.7 x 10-1 

2.4 x 10-1 

-5  
5.0 x 10 

-2 
5.0 x 10 

Reference 

11 

12 

13 

13 

13 

14 

14 

a 

16 
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